After 22 years of aging under natural conditions in an outdoor lysimeter the bioaccessibility of 14 C-labeled atrazine soil residues to bacteria was tested. Entire soil samples as well as sand-sized, silt-sized and clay-sized aggregates (>20, 20-2, and <2 µm aggregate size, respectively) were investigated under slurried conditions. The mineralization of residual radioactivity in the outdoor lysimeter soil reached up to 4.5 % of the total 14 C-activity after 16 days, inoculated with Pseudomonas sp. strain ADP.
INTRODUCTION

The s-triazine herbicide atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazin]
was introduced in 1957 and has been used since 1958 (1 -3 ) worldwide for weed control, predominantly in maize cultivation. While the application of atrazine has been forbidden in Germany since March 1991 because of exceedance of permissible concentrations in ground-and drinking water (4 , 5 ) , this herbicide is still widely used in agriculture, especially in countries of huge global impact, such as China and USA (6 , 7 ) , and industrial purposes (8 ) . The reason for atrazine in ground water is due to direct leaching, surface run-off or intrusion via particle binding. A continuous desorption and resulting mobility of atrazine in soils is also under discussion, with focus on the formation of "bound residues" (9 ) . Degradation and metabolism of atrazine in soil occurs through microbial activity and non-biotic processes, such as hydrolysis, photo-degradation and oxidation, leading simultaneously to the formation of bound residues (10 ) . The half life of atrazine limited by microbial degradation and fixation by binding and sorption ranges from 4-57 weeks (11 -13 ) . The atrazine metabolites and their transformation rates via biotic and abiotic processes are slower too, depending on the type of metabolite being chlorinated monoalkylatrazines or hydroxylated (14 ) . Numerous investigations have stated that the distribution of atrazine residues in soil is mainly dependent on the soil organic carbon (e.g. humin, humic and fulvic acids) (15 ) and the clay content (16 ) , with the majority of the atrazine residues are located in soil particle fractions <20µm (9 ) .
Triazines and their environmental behavior have been the subject of numerous investigations (17 -21 ) . So far, studies on bound residues with labeled triazines have been conducted on short-term (weeks) (17 ) to at most mid-term (months) (21 ) time scales under laboratory conditions. However no studies have been conducted with radioactively labeled triazine residues aged on a long-term time scale (> 20 years) under field conditions. The present study closes this knowledge gap, facilitating a complete assessment of health and environmental risks, and provides data on long-term aged 14 C-labeled atrazine residues under environmental conditions. As atrazine has for years been one of the most widely used s-triazine herbicides and as a number of metabolites are also found in the degradation pathways of other triazine herbicides, it can also be seen as a model substance for this class of pesticides.
In this study the application of 14 C-labeled atrazine under outdoor conditions is dated back 22 years. "Atrazine residues" in this paper implies the parent compound and all possible metabolites. Due to uniformly triazine ring 14 C-labeled applied atrazine, residual atrazine equivalents can be calculated on basis of the specific radioactivity.
The objectives of this study were (i) to localize and quantify the distribution of C-labeled atrazine residues in the soil by the specialized bacteria for atrazine degradation Pseudomonas sp. strain ADP; (iv) to study the differences in bioaccessibility of 14 C-labeled atrazine residues by Pseudomonas sp. strain ADP in different soil size aggregates, and (v) to evaluate accelerated bioaccessibility following the addition of carbon sources.
MATERIALS AND METHODS
Soil and Lysimeter Characteristics. The lysimeter soil originated from Puch, Fürsten-feldbruck in Bavaria, Germany. For the lysimeter studies, agriculturally used soil (gleyic cambisol) was taken in 1979. The filling of the lysimeter was in accordance to the natural bedding of the field soil layers. The filled plastic lysimeter with a square surface of dimensions 49x49, and a depth of 73 cm, had a surface area of approximately 0.24 m Table 1 . which is used for all further calculations in this study. Thereafter, 600 g of deionized water was added to give a total amount of 800 g. Aggregate size fractions were measured using the sedimentation rate and Stokes's Law. After the first sedimentation of 6 min, the sand-sized aggregates (particle sizes of 20 -2000 µm)
were obtained and the resulting liquid was separated. In the second step, the silt-sized aggregates (particle sizes of 2 -20 µm) were isolated following a second sedimentation period of 12 h. The resulting supernatant containing the clay-sized aggregates (particle sizes of <2 µm) was centrifuged at 10,000 g for 90 min (Beckman J2-21, Rotor JA 14).
After centrifugation of the clay-sized aggregates, the resulting supernatant (dissolved organic matter (DOM) fraction, particle size <0.05 µm) was analyzed for desorbed glucose. To distinguish the desorption potential of mineral-media components,
Na 2 EDTA were also tested. The samples were shaken in PE centrifuge tubes for 6 h and centrifuged for 90 min at 10,000 g and the
14
C-activity in the supernatant was determined via LSC.
Radioactivity in all of the liquid samples of the DOM-fraction were measured by LSC, as described above. A quenching correction generated by external standards was used. The desorption potential of 14 C-labeled atrazine residues by using different liquids is presented in Figure 2 .
As reported in several previous studies (17 , 23 , 24 ) , two extended desorption experi- Physico-chemical analysis.
Carbon analysis of the DOM-fraction and desorption liquids. In order to achieve information about an enhanced dissolution of carbon and possibly associated 14 C-labeled atrazine residues a range of solvents were used for soil fractionation and desorption studies and were analyzed for total (TC), total organic (TOC) and non-purgeable organic carbon (NPOC) content, using a Shimadzu Total Organic Carbon Analyzer (TOC-5050A, Shimadzu, ASI-5000A Auto Sampler).
Analysis and metabolite detection of the DOM-fraction and desorption liquids. The aque-
ous DOM-fraction (800 mL) of the physical soil aggregate fractionation was concentrated by freeze drying (Lyovac GT2, Steris) and redissolved in pure methanol (HPLC-grade).
Methanol-water solution was used in the desorption experiment for 6 and 24 h, respectively, and concentrated using vacuum evaporation using a Büchi Syncore (50 ,
, basic saline solution 20 mL L −1
or Na 2 B 4 O 7 0.095 g L , Na 2 EDTA.
, as well as 1 mL trace elements solution was added. The use of mineral-media was chosen as pH buffer (pH 7). Due to small quantities of clay-sized aggregates these studies were conducted with 1 g dry weight clay-sized aggregates, inoculated with 1 mL of mineral-media containing equal bacteria concentration, respectively. These incubation conditions favored the activity of the Pseudomonas inoculum and the indigenous soil microflora. As a control, soil incubation was prepared, which did not contain the pseudomonad inoculum. The microbial incubations were shaken daily for 120 min at 100 rpm on a rotary shaker to promote aeration of the slurry.
The inoculated soil and particle size aggregates were incubated for 1, 2, 3, 9, 16, 23, 30
and 44 days at room temperature (RT, 22 of a) Na-citrate and b) glucose were added to the mineral-media, as described above, and the media was added to soil samples as described previously. The samples were taken at the same time intervals as those without additional carbon sources.
At the end of each incubation period the soil inoculum was sacrificed following the acidification of the medium with 100 µl of 11 M HCl (resulted in a pH of 2-3), 5 min of sonication, shaken for 120 min and subsequently incubated for 24 h at 22
the dark. This was necessary to achieve complete gaseous release of dissolved or bound standard methanol solution) respectively, no atrazine as active compound was detected.
As described in previous studies, the main binding mechanisms of non-extractable residual atrazine are due to charge transfer (27 , 28 ) , hydrogen bridges (29 , 30 ) and hydrophobic exchange reactions (30 , 31 ) . While HPLC and radio-HPLC analysis were not sensitive enough to detect the ) as the only metabolite to be desorbed or extracted, respectively. This leads to the conclusion that atrazine as the primary compound is either degraded or irreversibly sequestered into the soil matrix and may therefore be considered to be a bound residue (32 ) .
The distribution of (Table 2) as binding agents it could be assumed that atrazine residues are directly associated with clay minerals or indirectly via C-, Al-, Fe-and Si-binding mechanisms on clay particles (33 ) . As sorption of aged atrazine residues is very likely due to C-binding mechanisms, Al-and Fe-oxides may play a relatively minor role, according to Clausen et al. (34 ) and Kovaios et al. (35 ) in model studies; whereas, Si-binding using silica gel is reversible (35 ). Desorption experiments. Results of the desorption study showed that mineral-media, including Na-citrate or glucose enhanced the desorption for aged (Table 3) . Desorption of 14 C-labeled atrazine residues released by these minerals may play an important role in dissociation of prior non-bioaccessible, particle bound atrazine residues leading to an enhanced microbial degradation. ) after soil desorption (data not shown).
These results lead to the conclusion that the detected 14 C-activity in mineral-media after soil desorption (Figure 2) can be attributed to the ring 14 Table 3 . Desorption potential of mineral-media components used in bioaccessibility studies. The used amounts of the components are equal to the amounts used for the liquid media for the bioaccessibility studies, calculated for 80 mL water per 10 g dry soil sample for extraction. ± indicate the mean standard deviation of three replicates (in %). 100 % equals the total amount of 14 C-activity in the soil sample; n.a. no analysis. n.a. n.a.
14 C-components favors higher bioaccessibility, thus resulting in enhanced mineralization rates.
Mineralization of (Table 2) has to be considered critically.
Taking into consideration the differing bacteria/residue ratios, the averaged mineralization of the soil-size aggregates shows a similar behavior to that of soil incubated with Pseudomonas sp. strain ADP (Figure 3 A and B) . This result proves that the physical aggregate fractionation is gentle. The similar mineralization behavior indicates that the residual atrazine ring carbon is partially bioaccessible, irrespective of its spatial configuration, that is, independently of the scale of the particles or aggregates present in the soil. It is likely that citrate increases co-metabolic degradation pathways of atrazine residues or leads to priming-effects. Further, Piccolo et al. (36 ) found that an addition of small organic acids, e.g. citric acid to humic substances lead to a dispersion of humic material into small submicelles. It is to assume that increased mineralization by glucose and citrate amendment is due to priming-effects since these additional carbon sources are easily degradable by microorganisms. This effect might be supported by dispersion of large humic associates with incorporated 14 C-labeled atrazine residues by citrate amendment, making these freed residues more accessible for the microorganisms. However, the influence of citrate amendment on soil carbon structures and resulting changes in aged 14 C-labeled atrazine residues on bioaccessibility is under current investigation.
Further, stimulated bacterial growth resulting in increased metabolism of the aged its metabolites are biologically accessible even after 22 years of aging. This is an important information to be used in the field of environmental management and bioremediation as well as in environmental risk assessment of persistent pesticides.
Brief
After an aging process of 22 years under outdoor conditions residues of the originally applied 14 C-labeled atrazine are still biologically accessible which has implications for the environmental management of soils.
